ent-offspring, etc. (e.g., Mousseau et al. 1998; Goodnight and Queller 1999; Thomas and Hill 2002) .
Knowledge of relationships among animals is useful for both the study of wild populations and the genetic management of captive and/or threatened populations (Glaubitz et al. 2003) . In wild populations, relationships can be used in studies of kin selection, social behavior and social organization (e.g. Morin et al. 1994) . Furthermore, this knowledge is also useful in research concerning mating systems (e.g. Heg and van Treuren 1998; Engh et al. 2002) , dispersal, isolation by distance, and special genetic structure (e.g. Goodisman and Crozier 2002) , and for the estimation of quantitative genetic parameters, such as heritability (Mousseau et al. 1998; Ritland 2000) . In captive populations, knowledge of relationships and shared ancestry enables the minimization of inbreeding by permitting matings only between the most distantly related individuals (e.g. Jones et al. 2002) . The knowledge of the relationship coefficients is thus one of the principal tools used to optimize conservation strategies (Hedrick and Miller 1992; Rochambeau et al. 2000; Caballero and Toro 2002; Verrier et al. 2005) .
In reality, both sources of information are often incomplete or limited. An example of this situation is the Skyros pony, a Greek indigenous horse breed, mainly found on the island of Skyros. The risk status of this breed is described as critical-maintained, according to the criteria established by the Food and Agriculture Organization (FAO 1998; DAD-IS 2007) . The small size of this population, about 200 individuals concentrated in 3 main subpopulations (Skyros, Corfu and Thessaloniki) , and the linked risk of demographic accidents, are major factors that explain this status. The studbook of the breed includes animals recorded for 10 to 20 years. The pedigree depth is thus not sufficient to estimate accurately the relationships, as many individuals have unknown parents. An accurate estimation of relationships among individuals from molecular data is also difficult. Indeed, the number of genotyped individuals and of markers is limited essentially for budgetary reasons. So combining molecular and pedigree data could permit a better estimation of the relationships among individuals than estimation based on only one type of available data.
Although molecular markers are available for most species for several years, it is interesting to note that so far no studies have tried to combine both sources of information into one single estimator. In our study, the idea was therefore to develop a combined estimator. The choice to combine the 2 types of coefficient was made for 2 reasons. Firstly, if only the results of the DNA analysis are used to estimate the relatedness, individuals are related only for known markers. DNA analyses allow "telling the historical review of the breed". If only the pedigree data are used, it does not enable retracing all the history of the breed, but it is very informative for the close parents. Consequently, the simple replacement of the pedigree-based coefficients by molecular-based coefficients leads to a loss of information. Secondly, a limitation of the common molecular-based estimators was the use of weights that assume zero relationship. Thus including the known pedigree relationship in the estimation, allowed to correct the molecular coefficients for the relations existing in the studied population.
With regard to conservation breeding programs, it seems essential to use pedigree information whenever available, especially when the costs of genotyping for a high number of microsatellite markers are considered. But the situation might change if genotyping costs could be reduced in the near future. Meanwhile, DNA technologies are not suitable to replace a studbook (Baumung and Sölkner 2003) .
In conclusion, the main objective of this study was to improve the calculation of relationship values by developing a method combining pedigree and marker data, using the endangered Skyros pony breed as a reference population.
Materials and methods

Source of information
A preliminary studbook for Skyros pony was established very recently and includes 395 animals, born between 1958 and 2006. A previous study showed that the Skyros population consists of 3 subpopulations: Skyros (about 100 individuals), Thessaloniki (50 individuals) and Corfu (30 individuals) (Bömcke 2007) . The completeness of pedigree information was characterized by computing the number of generation-equivalents (geq). This parameter is often considered as the best criterion to characterize the quality of the pedigree information Baumung and Sölkner 2003) . The geq was computed for each animal as the sum of (1/2) n , where n is the number of generations separating the individual from each known ancestor (Huby et al. 2003 (Dimsoski 2003) .
Definition of pedigree relationship coefficients
Basing on pedigree records, the construction of the additive relationship matrix was performed recursively, using the tabular method as described by Van Vleck et al. (1987) . Additive relationships were sequentially established from oldest to youngest animals. Founders (i.e. animals without known parents) were considered as unrelated and non-inbred. Lets x and y denote a pair of individuals, p and q denote the parents of y, and a xy denote the additive relationship coefficient among x and y. It is assumed that a xy = a yx = 0.5(a xp + a xq ) for x¹y (Henderson 1976) . The inbreeding coefficient of y is calculated as a half of the additive relationship between its parents (p and q). It follows that F y = 0.5a pq and the additive relationship of y with itself is a yy =1+ F y .
The additive relationships (a xy ) were transformed into Wright et al. (1925) relationship coefficients (r xy ), according to the following equation: The obtained relationship, also called numerator relationship, is independent from the inbreeding coefficient of individuals x and y. This transformation allows the relationship coefficient to be a measure of the degree to which the genotypes of x and y are similar, rather than leave it in terms of the proportion of genes from a common source (Minvielle 1990 ).
Definition of molecular relationship coefficients
Basing on microsatellites, the total allelic relationship (TA) of the 2 alleles of an individual with the 2 alleles of the other individual was calculated for each locus (l): TA xy,l = 2 × fM xy,l The coefficient of 2 emphasizes that TA is twice the relationship coefficient (Malécot 1948) and is analogous to the numerator relationship (Wright 1922) calculated from the pedigree.
The fM is the molecular co-ancestry between 2 individuals (Caballero and Toro 2000; Eding and Meuwissen 2001) . By definition, it is the probability that 2 alleles taken randomly (one from each individual) are identical-by-descent (IBD). This coefficient has the advantage of being defined in a similar way as the classical Malécot coefficient . The fM can be writ- here TA xx and TA yy denote the total allelic identity of the individuals x and y with themselves. The obtained relationship matrix (R mol ) was thus comparable to the pedigree-based relationship matrix (R ped ).
Two different R mol matrices were constructed: the first one based on all the 16 microsatellites of the marker set, and the second one based only on markers that were highly informative (PIC > 0.5), i.e. 12 microsatellites (Table 1) . 
Definition of a new combined relationship coefficient
In an ideal situation, the whole pedigree is known and relationship calculations are based on statistical assumptions about genes shared between individuals. Thus, the more information is available from the pedigree, the less molecular information is needed. The other extreme situation is when very dense marker maps are available. According to VanRaden (2007) , these molecular relationships, called then genomic relationships, can replace pedigree information completely. In practice, and especially in conservation genetics, intermediate situations are observed, where both pedigree and marker data are incomplete. Many pedigree records are not very reliable due to random mating between individuals with incomplete or no recording of the births. To use all available data, we combine the 2 relationship coefficients r ped,xy and r mol,xy into a single parameter r comb, xy . As the relative quality of information needs to be integrated, r ped,xy and r mol,xy should be weighted using a function that is proportional to the quality of information. Theoretical weights can be developed basing on the reciprocals of the error variances of relationship coefficient estimates. However, obtaining these error variances is not evident; in fact, no method exists. Therefore, we used an empirical function of relative pedigree deepness as weighting factor for the pedigree relationship coefficients. The following empirical weighting for the pedigree relationship coefficient between animals x and y was chosen and tested in this study:
where geq i is the number of generation-equivalents for the individual i (x or y), and geq represents the average number of generation-equivalent for the analyzed population. For the animals that have the most complete pedigree, this function is close to 1, and for an animal with no pedigree record, this function is close to 0.
The molecular relationship coefficient was multiplied by the complementary value computed as 1-w x,y and by the average polymorphism information content (PIC) value. This last parameter was introduced by Botstein et al. (1980) and refers to the value of marker informativeness within a population, depending on the number of alleles and their frequencies.
Finally, the final formula of the new combined estimator is thus: 
=´+ -´1
For comparison, a classic molecular relationship estimator was also computed, as proposed by Lynch and Ritland (1999) . Their single-locus relationship coefficient is: 
2 The Lynch and Ritland estimator was chosen because it performed best in the studies of Van de Casteele et al. (2001) and Csilléry et al. (2006) .
Example
Two genotyped individuals are chosen randomly: x and y.
The first individual (x) is a male coming from the Skyros herd. He was born in 1998. Its sire is unknown, its dam is known (Dx). For this animal, geq is equal to 0.5.
The second individual (y) is a female coming from the Corfu herd. She was born in 2004. Its sire is known (Sy), its dam is known (Dy). If we trace the complete pedigree of this animal, the correspondent geq is 1.938. For the genotyped population, the mean number of geq is 1.447.
Step 1: Calculation of the pedigree relationship coefficient:
Basing on the pedigree, there is no relation (1) between the parents of individual y (Sy and Dy) and individual x, then: a xy = a yx = 0.5*(a xDy + a xSy ) = 0.5*( 0 + 0) = 0 (2) between the parents of individual x (Sx and Dx, because Sx is unknown), and between the parents of individual y (Sy and Dy), then: a xx =1 = 1 + 0.5a SxDx = 1 a yy =1 + F y = 1 + 0.5a SyDy = 1 + 0.5*0 = 1 It follows that: r a a a ped xy xy xx yy , / / =´=´= 0 1 1 0
Step 2: calculation of molecular relationship coefficient:
Based on the 2 microsatellite profiles ( Step 3: Calculation of combined relationship coefficients
The weight is calculated from the following equation: The combined relationship coefficient between x and y is finally: r comb,xy =w x,y × r ped,xy + (1-w x,y ) × PIC mean × r mol,xy = 0.430 × 0 + (1-0.430) × 0.598 × 0.602 = 0.205
Analysis of combined and traditional relationships
An analysis was conducted to quantify the discriminating power of the various relationship coefficients, i.e. they were tested for their capacity to group the animals according to their herd of origin. The underlying idea is that relationship coefficients are one of the principal tools used to optimize conservation strategies; e.g. by permitting matings only between the most distantly related individuals and thus to minimize inbreeding. The geographic location of the 99 Skyros ponies was known and therefore could be used to test the discriminating power of the proposed measure of relationship. We conducted a principal component analysis (PCA) of 3 relationship matrices for the 99 animals. PCA makes it possible to reduce the number of dimensions, without much loss of information. In this study, PCA was used to present the results by scattered plots in 2-dimensional space, considering the first 2 principal components. We applied for this purpose the Factor procedure from SAS (1999). Table 3 shows the number of genotyped individuals per class of known geq. More than 25% of the individuals had less than one known geq, i.e. one or both parents were unknown. In these cases, calculating a relationship coefficient is impossible. Indeed, a common ancestor is necessary to calculate a relationship value between 2 individuals. When the pedigree is missing, the relationship coefficient is considered to be zero. In this study, the mean number of geq is 1.447 and the maximum is 3.000, for an animal belonging to the Corfu subpopulation. These results showed well the necessity to include the collected molecular data in calculation of relationships.
Results and discussion
Pedigree deepness
Limitation of the traditional estimator
The relatedness values calculated with Lynch and Ritland estimator ranged from -0.985 to 1.000, with a mean of -0.156. We observed that 76.71% of the values were negative. The conclusion was that Lynch and Ritland estimator underestimates the genealogical coefficients, as it was also shown by Toro et al. (2002) and Oliehoek et al. (2006) . The quality of Lynch and Ritland estimator data depends on several factors. These include the number of loci, the allelic frequency and, especially, the degree of true relationship in the living population. One limitation of this estimator, and also of other common estimators of relatedness, is the use of weights that assume relationships in the population equal to zero. The best weight would be a function of the actual relationship (Lynch and Ritland 1999) . A high level of relationship in the studied population could then explain the high percentage of negative values. Another limitation is that the allele frequencies are assumed to be the same as in the base population, which implies that there has been no change in gene frequencies. In Skyros ponies, it could not be assumed that the actual frequencies of marker alleles were identical to those of the base population due to the genetic drift accumulated over years. In our opinion, the main explanation for the under-estimation, and the high percentage of negative values, seems to be the relatively high degree of actual relationship in the studied population and the lack of information on the true allelic frequencies in the base population. Table 4 shows the percentage of information explained by the first 3 principal components. The combined estimator showed the lowest total value, which is mainly due to the lower value for the first component, while the methods based on DNA alone led to higher values. TA xy showed the highest total value, and Lynch and Ritland estimator reached the highest value for the first principal component.
Discriminating capacity of various estimators
As mentioned previously, all individuals from the reference population can be considered as belonging to 3 subpopulations. The repartition of genotyped individuals in these 3 subpopulations was known: a major group in Skyros (50 genotyped individuals) and 2 smaller groups in Thessaloniki (25 genotyped individuals) and Corfu (24 genotyped individuals). This pattern should be reflected in the plot of the first 2 principal components (axes). Figure 1 shows the results of PCA of TA xy coefficients. In spite of a high percentage of information explained by the first axis, the scattered plot showed no clear difference between the 3 groups of individuals. Figure 2 shows the results of PCA of r R,xy coefficients. Although this method showed the highest percentage of information explained by the first axis, the scattered plot showed a better distinction between the 3 groups of individuals. Figure 3 shows the results of PCA of r comb,xy , based on 12 microsatellites. This method presented a lower percentage of information explained by the first axis than the 2 methods based on DNA alone. Nevertheless, the scattered plot showed a good distinction, with only few exceptions, between the 3 groups of individuals. Except for one individual, the first axis differentiated the individuals of the Skyros subpopulation from the individuals of the other 2 subpopulations. The second axis differentiated, with few exceptions, the individuals of the Thessaloniki subpopulation from the individuals of the Corfu subpopulations. In the case of r comb,xy based on 16 microsatellites, the scattered plots (not shown) indicated the same as shown for 12 microsatellites, except that the distinction between the individuals from Thessaloniki and the individuals from Corfu was not evident. This was probably linked to the fact that highly polymorphic microsatellites allow to improve the distinction between individuals. In the case of combined estimator, where the Skyros subpopulation was separated from both other subpopulations, one individual belonging to the Corfu group was placed in the Skyros group of individuals. The most plausible explanation is that this individual is the only one in the Corfu subpopulation, whose both parents were born in Skyros, and that this individual has no descendant. In the last case, the subpopulation of Thessaloniki was differentiated from the Corfu subpopulation with one exception. One individual belonging normally to the Corfu group was found in the Thessaloniki group. The explanation for this observation could be the same as described above, namely that both parents of this individual were born in Thessaloniki and that this individual has no descendant. In the other direction, 5 individuals belonging normally to the Thessaloniki group were considered as part of the Corfu group. A possible explanation for this observation is that these animals were sent to Corfu Island. All their descendants were thus belonging to the Corfu group and they were therefore regarded as being closer to this group than to their group of origin (Thessaloniki). Additionally, in the case of combined estimator, it was interesting to note that the estimations based on the 12 highly informative microsatellite markers (PIC > 0.5) differentiated the subpopulations better that those based on 16, even if the percentages of information explained by the 3 axes were similar. These results showed that the use of the PIC value in the weighting has the potential to correct the value for the informativeness of the markers. However, some improvements are necessary, e.g. the molecular relationship found for each locus should be multiplied by the corresponding PIC value instead of using only the average value.
In spite of this weakness, the combined method for the estimation of relationship showed promising results, as compared to the other estimators. Another problem is the fact that the relationship coefficients are overestimated if DNA information is highly favoured in comparison to the pedigree information, but this is less the case than with other estimators. The fact that the combined estimator gave the most differentiated groups is a quality indicator, but this statement needs to be confirmed in forthcoming studies.
Use of the coefficients
One aim of the study on Skyros pony was to help breeders to determine matings that minimize the increase in inbreeding within the population. For illustration, 6 females and 9 males were chosen: 2 females from each herd: one with the best-known pedigree and the other with the least-known pedigree of the herd, and 3 males of each herd: one with the best-known pedigree of the herd, one with the least-known, and one in between. Table 5 shows the relationship coefficients between those females and males. Pedigree records alone (r ped ) are not sufficient to choose the best stallion, as more than half of the coefficients are equal to 0. For example, males 3, 8 and 9 could be recommended for all the females, and females 3 and 6 could be mated equally with all the males.
The r mol,xy coefficients show a very high level of relationship in the studied population and suggest that the population is already subject to inbreeding. This observation is consistent with the fact that it is an island population. However, if we consider these values, it seems impossible to limit the inbreeding increase in the population. We suspected that r mol,xy strongly over-estimated relationship. The explanation is that these estimators account not only for the IBD that arises during the population history, but also for the IBS (identical-by-state) present in the founder population (Oliehoek et al. 2006) . The proposed coefficients were still high but smaller than the 2 previous measures. When using only 12 microsatellites, the combined estimator increased the difference between values of first and last classified males.
The combination of both types of information allowed us to make a better distinction between close and distant relationship. Most of the time, the animals with the highest r ped,xy had also the highest r comb,xy , except in case of female 3, where the highest r ped,xy was not significantly different from 0, and in case of female 6, which has no pedigree and therefore no known relation with the 
Conclusion
Combining the 2 types of coefficients is a promising strategy, because pedigree and molecular information are 2 complementary sources of information. Indeed, pedigrees are very informative for close relatives (parents, grand-parents), while DNA analysis makes it possible to retrace the history of the breed. Consequently, the simple replacement of the pedigree-based coefficients by molecular-based coefficients leads to a loss of information. Moreover, it relates individuals only for known markers. Another advantage of the combined estimator is that including the known pedigree relationship in the estimation allows correction of the molecular coefficients for the relations existing in the studied population, in opposition to the common molecular-based estimators that use weights that assume zero relationships in the studied population. As said in the introduction, it seems essential to use pedigree information whenever available, especially as long as genotyping for a high number of markers remains too expensive for breeders. When DNA marker information is used, Lynch and Ritland (1999) , Toro et al. (2002) and partially our results, showed that attempts to estimate relatedness with molecular markers can be greatly improved by using only highly polymorphic loci, with the highest gains in efficiency occurring with loci with a relatively even distribution of allele frequencies, than by using more loci.
However, we recommended to confirm the results obtained with the combined estimator by performing further investigations using different weighting, more polymorphic markers and/or other populations, simulated or not. In particular, the weighting needs to be improved, as in some cases (not encountered in the studied population) the developed strategy may not work. For example, when both geq x and geq y are higher than , then w x,y is higher than 1, which means that the weighting for the molecular coefficients becomes negative.
In the future, this new estimator could be used in conservation genetics. Its use would allow to assess relationships of animals with no pedigree within a population (presenting a complete pedigree or not), without testing all the animals. This would make it possible to integrate more easily the animals of unknown origin in conservation programs.
